Methods MNP were functionalized with poly(epsilon-lysine) dendrons exposing carboxybetaine residue (CB-MNP) to enhance binding to the cellular glycocalix. BMSC were incubated with CB-MNP or non-functionalized PAA-MNP for 5-30 minutes in suspension.
INTRODUCTION
Cell-based therapies aim at regenerating fully-functional tissues damaged by surgery, trauma or disease, where their spontaneous repair is insufficient or leads to non-physiological healing [1] . Tissue engineering, based on the combination of suitable progenitor cells with biocompatible scaffolding materials, is the most advocated strategy as it enables both control over cell behaviour and retention upon transplantation [2, 3] .
Mesenchymal stem/stromal cells (MSC) are widely accepted as the best candidates in this type of regenerative medicine approach as they are able to differentiate into the three main mesenchymal lineages reaching complete differentiation both in vitro and in vivo, particularly into cells of the musculoskeletal system [4] . Therefore, this phenotypic plasticity encourages its main therapeutic application in the regeneration of damaged bone or cartilage, where the clinical demand is not met by satisfactory surgical solutions [2, [5] [6] [7] . Studies of MSC obtained from different sources show that those isolated from bone marrow (Bone Marrow Stromal Cells, BMSC) possess a greater ability to differentiate into the osteogenic lineage both in vitro and in vivo when compared to MSC derived from other tissues [8] [9] [10] [11] . The use of MSC for bone regeneration can be optimized in a tissue engineering approach where these cells are combined with natural or synthetic matrices able to mimic the extracellular matrix of connective tissue, hence favouring the differentiation of either host migrating progenitors or transplanted cells [3, 12] . In the latter case, an optimal seeding of the progenitor cells is the required first step to ensure a homogeneous regeneration of the tissue throughout the scaffold.
In particular, high seeding density and uniform cell distribution through the scaffold are critical to promote homogenous tissue formation and achieve clinical success [13] .
Bioreactors, including spinner flasks and perfusion bioreactors, are a very effective technology to reach this goal and can overcome the limitations of static loading of highly concentrated cell suspensions [14] . However, bioreactor-based seeding procedures require one or more days of in vitro culture to allow cell distribution and attachment to the scaffolds [15] . On the other hand, it is highly desirable from a clinical point of view to develop intraoperative approaches, whereby progenitors are harvested, seeded onto the scaffold and re-implanted into the patient directly without an in vitro culture step; this allows the operator to minimize the negative effects of cell manipulation [16] and to reduce costs for cell expansion under GMP manufacturing conditions [17, 18] .
Magnetic forces capable of driving cells through the 3D scaffold mesh could provide an attractive means to achieve its rapid and homogenous seeding [19] . It has been suggested that this magnetic drive can be achieved through the coupling of cells to superparamagnetic nanoparticles (MNP). MNP (from 5 to 150 nm in diameter) can be engineered to have their magnetic core coated with different polymeric materials, including dextran, polylysine, chitosan or silica [20, 21] . The application of these coatings does not alter the magnetic properties of the MNP, but enhances their biocompatibility and promote their endocytosis, a step necessary to the final magnetization of the cells [22] . However, cell labelling with MNP is a slow and low-yield process often not able to guarantee levels of magnetization sufficient for cell manipulation. Indeed, published data show that it is necessary to incubate MNP in vitro on adherent cells for prolonged periods of time, ranging between 12 and 24 hours [23] [24] [25] [26] . This is a limitation that currently precludes the use of magnetized cells in most biomedical applications.
This work reports a novel method based on the surface functionalization of MNP with biocompetent dendrons that significantly accelerates and improves the magnetization of human BMSC. The interaction between MNP coated by a thin layer of poly(acrylic acid) (PAA) and BMSC was achieved through the surface functionalization of the PAA coating with hyperbranched poly(epsilon-lysine) dendrons, the uppermost branching generation of which was tethered with the zwitterionic modified amino acid carboxybetaine. It was hypothesized that the high-density presentation of this highly hydrophilic amino acid could favour the interaction between the MNP and the cell surface glycocalyx, thus enhancing MNP internalization. The significantly improved labeling efficiency of cells by functionalized MNP enabled the establishment of a novel culture-free protocol of BMSC magnetization that ensures their rapid and highly efficient magnetization in suspension, while preserving their differentiation potential, thereby enabling the possibility to bypass adhesion culture of mesenchymal progenitors.
MATERIALS AND METHODS

Dendron Synthesis
Poly (ε-lysine) dendrons of three (Gen 3 K) branching generation type were synthesised on a Tenta Gel S (-NH 2 ) resin (Iris Biotech GmbH, Germany) using a previously reported 9-fluorenylmethoxycarbonyl (Fmoc) solid phase peptide method based on the sequential addition of Fmoc-protected amino acids [27] . Dendrons were designed with a cysteine as core at 3500 rpm for 5 minutes to collect the dendron. The diethylether was then carefully decanted from the tube and fresh diethylether 20 cm 3 was added and the sample was vortexed to disrupt the peptide pellet. The centrifugation procedure was then repeated twice more and the diethylether was subsequently decanted off. The reaction product was then freeze dried (Christ Alpha2-4), dissolved in ethanol and filtered through a syringe filter with a pore diameter of 0.22 µm (GE Healthcare Amersham, UK) prior to characterisation.
Dendron Characterisation
Once synthesised the dendron was characterised by analytical HPLC to determine purity and further purified by further by preparative HPLC. microTOF mass spectrometry was used to characterize the dendron. 
Labeling of BMSC with CB-MNP
In order to obtain a starting reference concentration of 7 mg/ml, 3. 
Cytotoxicity assay
In order to determine whether magnetic labeling was toxic, labeled cells were seeded in six-well plates (TPP) at a density of 6x10 5 cells/cm 2 (3 wells/donor for 2 independent donors, n=6 for each condition). After 1, 2 and 3 days medium was discarded and cells were incubated with Propidium Iodide (PI) solution (diluted 1:20 in CM; Sigma Aldrich) for 20 minutes at 37° C, 5% CO 2 . At the end of the incubation, fresh medium was added and images of ten random fields for condition were acquired (Olympus IX50 con camera Color View Olympus) both in brightfield and using a red fluorescent filter. Live and PI-positive cells were counted and the results were expressed as the percentage of viable cells.
In vitro proliferation
After labeling, magnetized BMSC were seeded in T75 tissue culture flasks at the density of 
Trasmission Electron microscopy
Labeled BMSC were seeded on glass coverslips for six hours and then the samples were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.6 for 1 h at room temperature. After post-fixation with 1% OsO4 in cacodylate buffer for 1 h, cells were dehydrated in an ethanol series and embedded in Epon resin. Ultrathin sections stained with uranyl acetate and lead citrate were observed with a Jeol Jem-1011 transmission electron microscope (Jeol Jem, USA). Two hundred nuclei were examined for each sample. In order to quantify the number and the size of magnetic nanoparticle aggregates that had been internalized by each cell, the area occupied by magnetic nanoparticles was identified using region of interests (ROI) tool and successively calculated by the software (Nis D 4.10 software from Nikon, Amsterdam, Netherlands).
Confocal scanning microscopy
After labeling, BMSC were seeded on glass coverslips and allowed to adhere overnight.
After three washes in PBS, the cell monolayer was fixed with 4% PFA at room temperature 
In vitro Osteogenic Differentiation
Osteogenic differentiation was induced in monolayer as previously described (Jaiswal, et al., 1997) . Briefly labeled BMSC were seeded in 6-well plates (8 wells/donor from 2 independent donors, 4 of which used for Alizarin Red staining and 4 for calcium quantification; n=8 for each condition and assay) at a density of 3x10 5 
In vitro Adipogenic Differentiation
Adipogenic differentiation was induced as previously described [31] . Briefly, cells were seeded in 6-well plates at a density of 3x10 5 cells/cm 2 (4 wells/donor from 2 independent donors, n=8 for each condition) and cultured in CM until confluence. The medium was then supplemented with 10 µg/ml Insulin, 1 µM Dexamethasone, 100 µM indomethacin and 500 µM 3-isobutyl-1-methyl-xanthine (adipogenic induction medium, AIM) for 72 hours and subsequently combined with 10 µg/ml insulin (all from Sigma Aldrich) (adipogenic Representative micrographs were acquired using a brightfield microscope (Olympus IX50
with a Color View camera). Oil Red O, contained in lipid droplets, was then solubilized with 100% isopropanol and the optical density was measured with a spectrophotometer at 500 nm [32] .
Statistical Analysis
Results are expressed as mean ± SEM. Before statistical testing, Kolmogorov-Smirnov test was performed on all data sets to assess normal distribution. The data reported in Figure 6 did not satisfy the normality test and were therefore analyzed with the non-parametric KruskalWallis test for multiple comparisons and Dunn's post-hoc test. All other data sets passed the normality test and were therefore analysed using 1-way ANOVA and Bonferroni's multiplecomparison test as a post-test. Results were considered to be statistically significant at p values < 0.05 (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). The data, including median value with range or mean value with SEM, were processed with GraphPad Prism 5 Software (GraphPad; San Diego, CA, USA). The final yield of the reaction was 50 mg of dendrimers from an initial 100 mg of solidphase resin, with a purity of 63%, corresponding to a single HPLC peak eluted at 14 min. 
RESULTS
Dendrimer synthesis and MNP functionalization
Dose-dependent cytotoxicity and labelling efficiency of functionalized CB-MNP
Phenotypic characterization of isolated BMSC confirmed that the populations were almost uniformly positive for mesenchymal markers (CD105 = 97.8±0.8%, CD90 = 81.3±8.0% and CD73 = 98.9±0.4%) whereas the presence of leukocytes was extremely infrequent (CD45 = 0.5±0.2%), in agreement with previous results [28, 33, 34] .
In order to minimize manipulation of isolated BMSC, we developed a protocol to rapidly label cells in suspension rather than in adhesion culture (Figure 2A ). Cells were re-suspended in a 50-ml tube in complete culture medium, in order to avoid serum deprivation during the labelling procedure, at a concentration of 4x10 4 cells/ml and MNP were added (step1).
Labelling 
Effect of magnetic labeling with CB-MNP on MSC proliferation
After labelling with the different CB-MNP doses and magnetic separation, BMSC were plated at low density to measure the possible effects of CB-MNP on active cell proliferation.
Before reaching confluence the cells were detached and counted (Passage 1), re-plated at low density and counted again after a further passage to determine the number of population doublings (Passage 2). Proliferation was slower at the second passage compared to the first, as primary BMSC are well-known to gradually reduce their doubling time over the first few passages in culture [29, 36] . However, no significant differences were found in the number of doublings per day between the different CB-MNP doses and in comparison with control conditions, at both passages (Figure 3 ), indicating that CB-MNP labelling did not interfere with BMSC adhesion and proliferation capacity.
Adipogenic and osteogenic differentiation potential of BMSC after CB-MNP labelling
To determine the effects of labelling with the different CB-MNP doses on BMSC differentiation potential, after magnetic separation cells were expanded on tissue culture plastic for one passage and then treated with adipogenic or osteogenic differentiationinducing factors. Since Alizarin Red staining provides only semi-quantitative results, osteogenic differentiation was precisely measured by biochemical quantification of the deposited calcium after lysis of the cell layers, revealing that labelling with all three doses of CB-MNP significantly increased osteogenic differentiation by more than 2-fold compared to control naïve cells ( Figure 5B ).
Rapid magnetization of BMSC by CB-MNP
In any biomedical or biotechnological application involving the use of MSC, it is desirable to minimize the duration of the labelling procedure without compromising the efficiency of the whole operation. Therefore, in order to determine the minimum necessary duration of labelling, BMSC were incubated with the lowest of the three previously tested doses of CB-MNP (7.2 µg/10 4 cells), since this already ensured the maximum labelling efficiency and the percentage of magnetized cells was measured after incubation for 5, 15 and 30 minutes and compared with the same dose of non-functionalized PAA-MNP to determine the effect of the dendron C-Gen3K(CB) 16 . As shown in Figure 6 , labelling with PAA-MNP led to a 16 led to an increase of 2.4-fold in the BMSC magnetization efficiency by PAA-MNP (p<0.001) with an incubation time as rapid as only 5 minute.
Effect of CB functionalization on PAA-MNP internalization
In order to determine the fate of MNP after cell labelling, MSC were incubated with the lowest dose (7.2 µg/10 4 cells) of CB-MNP or PAA-MNP for 5 and 30 minutes and the localization of MNP was analysed by confocal microscopy and transmission electron microscopy (TEM) after adhesion to coverslips, washing of unbound particles and fixation (overnight for confocal analysis and 6 hours for TEM). For confocal microscopy, the cell membrane was marked by immunostaining for the BMSC surface marker CD90 (in red in 
DISCUSSION
The present work describes a novel approach for the magnetization of multipotent mesenchymal progenitors based on the combination of: a) superparamagnetic nanoparticles functionalized with a hyperbranched dendron coating, exposing a highly hydrophilic carboxybetaine residue and designed for efficient interaction with the glycocalyx on cell membranes; and b) an optimized protocol for cell labelling in suspension, avoiding the step of adhesion culture. The combination of these two elements enabled the rapid (15 minutes) and efficient (>80%) magnetization of primary human BMSC with no impairment of their in vitro viability and proliferation, while their differentiation potential was even improved.
Magnetization of cells has been long considered as a suitable approach towards their separation, particularly in the field of cytofluorimetry. Cell sorting is achieved by the coupling of micron-size magnetic beads to antibodies that are able to bind specific cell surface molecules and separate the expressing cells from a heterogeneous sample through magnetic forces [37] . However, such approach is not suitable for other biotechnological and biomedical applications where, for example, magnetic forces can be used to manipulate heterogeneous progenitor populations, whose surface marker composition is only partially known, such as in tissue engineering/regenerative medicine applications. Therefore, the availability of superparamagnetic particles of nanoscale size that can be internalized by most cells and that are activated only in the presence of a magnetic field have opened new avenues for the exploitation of magnetism in a number of biotechnological and biomedical applications. This new technological approach has also expanded the possibilities for non-invasive analysis of progenitor fate after their in vivo delivery, such as by magnetic resonance imaging (MRI) [38] . While MNP internalization enables the magnetization of any type of cells, concerns still remain about their potential cytotoxic and genotoxic effects. Towards this end, the coating of MNP with biocompatible materials has been proposed; these mainly include synthetic and natural polymers. However, the selection of these polymers has been rather based on the demonstration of their biocompatibility in other applications and no reported study has been based on an ad hoc design of coatings where the polymer can be exploited to enhance not only the MNP biocompatibility, but also their internalization process.
In this study a unique functionalization approach has been designed that capitalises on the availability of highly homogeneous MNP coated with a 2-nm layer of poly(acrylic acid) [39] .
The presence of the exposed carboxylic groups of the polymer at the surface of this type of MNP was exploited to covalently graft a novel class of hyperbranched poly(epsilon-lysine)
peptides. These peptides, called dendrons, present sixteen uppermost molecular branches, all functionalised with carboxybetaine, a highly hydrophilic amino acid derivative [40] . The successful synthesis of a highly purified dendron was proven both by the single HPLC elution peak released at 14min and by the mass spectrometry showing peaks matching the multiples of the theoretical molecular weight of the dendron.
As expected, the thin poly(acrylic acid) coating of the MNP could not be detected by FTIR as its thickness was below the sensitivity limit of the instrument. The weak, near-tobackground footprint of the branched peptide could be however detected when dendronfunctionalised MNP were analysed. In particular, the wavelength range between 1000 and 1600 cm-1 showed at least 4 peaks that can be attributed to the primary and secondary amines present both in the poly(epsilon lysine) dendron core and in the terminal carboxybetaine [41] .
These results were also corroborated by the presence of a large peak in the region ranging between 3000 and 3500 cm-1 that can be attributed to both the presence of amino groups and hydroxylic groups of water molecules bound by the highly hydrophilic carboxybetaine when exposed to air humidity [40] . in multiple mesenchymal lineages, as well as favourable immunomodulatory properties and paracrine effects that can stimulate endogenous repair mechanisms [44] . However, their stem cell properties are easily lost during culture and their ability to regenerate tissue in vivo is rapidly jeopardized by in vitro expansion [28, 29, 36] . Therefore, it is desirable to minimize in vitro progenitor manipulation before in vivo delivery in order to maximize their therapeutic benefit. To this end, the intraoperative production of tissue-engineered grafts, i.e. the isolation of multipotent progenitors from a patient, their seeding on an appropriate scaffolding material and their re-implantation in a single-step procedure directly in the operating room, is an actively pursued strategy [45, 46] . Magnetic scaffolds have been recently developed [47, 48] and indeed magnetization can be exploited to rapidly and consistently drive cells prior to their transplantation. As a perspective in this direction, which should be further investigated in future experiments, the results we presented here offer a potential strategy for intraoperative magnetic labelling of BMSC without the need for plastic adhesion culture. 
CONCLUSIONS
